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Abstract 

We derive the decay rate of 7TjU atom formation in decay. 
Using the obtained expressions we calculate the decay rate of atom 
formation and point out that considered decay can give a noticeable 
contribution as a background to the fundamental decay K + — > vr + z^z?. 

1 Introduction 

The elementary atoms formation in particles collisions and decays can give 
an unique information on strong interaction dynamics. The determination of 
the pionium atom lifetime pQ allows one to get information on tttc scattering 
lengths, whose knowledge are crucial for verification of Chiral Perturbation 
Theory predictions [2j. The accuracy of scattering lengths determination 
from nonleptonic decays [3] K ± — > K ±r K K also depends on effects caused by 
the possibility of tttt bound state formation [U [5] . The creation of positro- 
nium atoms in 7r° Dalitz decay [6] or its photoproduction on extended tar- 
get [H [5] can give information on dependence of interaction on the spin state 
of the system and on mechanism of bound state formation. 
Since the basic works of Nemenov [9] which stimulated the search of elemen- 
tary atoms, the ir/j, atom has been discovered [10J [11] in the decays of neutral 
kaons K L — > n + pTv . 

In the present work we point out the importance of investigation of the tt^l 
atom formation in the decay 

K + -> 7T+ + n- + //+ + v (1) 
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(K^t decay). The reason for this looks as follows. In the last years the 
great efforts have been done [T2] for experimental study of the rare decay 
K + — > 7i + uu with the major goal of determination of the value of V s t , which 
is unequally predicted by the theory [131 CHI EE] • At present the experiment 
NA42 pi] at CERN SPS is accepted , which plans to collect « 80 events of 
this rare decajfj]. Later on we calculate the probability of wfi atom formation 
in the decay and show that branching rate of atom formation is not 
much smaller than the branching ratio of fundamental process K + — ► 7i + uu. 
As a result the process of ir/j, atom formation can give a certain contribution 
as a background to the basic decay K + — > 7i + uu in the relevant kinematical 
regions of experiment NA62. 



2 The decay rate of the nfi atom formation 

To obtain the decay rate of the tt/j, atom formation in decay 

K + n + + A ^ + v (2) 

we begin from the well known [171 EES] matrix element of the decay (1) written 
in the form of the product of the lepton and hadron currents 

M = ^OaJ A = ^O(*07a(1 - lMh)(V x - A') (3) 

where the axial A x and vector V x hadronic currents: 

A x = -—{(pi+ P 2) X F + (p 1 - P2 ) x G + (k 1 + k 2 ) x R) ] 
rriK 

V x = —^ r e x ^(k 1 + k 2 ) u (p 1 +p 2 ) p (p 1 -p 2 ) a (4) 
°nr K 

Here and later on k,pi,p 2 , ki, k 2 are the invariant momenta of kaon, pions, 
muon and neutrino; uik, m-*, m n are the relevant masses. 
Confining as usually by s and p waves and assuming the same p-wave phase 
S p for different form factors one has 

F = F s e iSa + F p e iSp ; G = G p e iSp ; H — H p e iSp . R = R p e i5p (5) 

The main goal of experimental investigation [T9l [20t [2T] is measurements of 
the quantities F s , F p , G p , H p , R p , 6 = 5 S — 5 P as a function of three invariant 
combinations of pions and leptons momenta s n = {p\ + p 2 ) 2 , Si = (ki + k 2 ) 2 



1 At the moment the six events are reported by CKM collaboration [T2] . 
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and A = -k(p 1 + p 2 ) [Tg] . 

From the other hand to make up the rcfi atom in the decay (1) the negative 
pion and muon should have a similar velocities. For such kinematic only two 
variables are at work, which we choose as s n , sj. 

Since the binding energy of the ground state of tt/j, atom is small [22J e = 
1.6KeV the atom is a nonrelativistic system. According to the general rules 
of quantum mechanics, the amplitude of the decay (2) can be written as the 
product of the matrix element of the decay (1) taken at equal velocities of 
muon and negative pion and the square of the Coulomb wave function at the 
origin 

M(K + - tt+A^) = ^^Sm(K + - 7r+7r>+z/)„ M (6) 



The square of the Coulomb wave function evaluated at the origin summed 
over principal quantum number [11] 

I *(r = 0) | 2 = V | * n (r = 0) | 2 = — (a/i) 3 (7) 

z — c n 

n=l 

with a = -pj= the fine structure constant and u = m ^ m ^ reduced mass. 

1.37 ™ m-jr+mp 

Using the well known rules, we obtain for the decay rate of (2) 

r = —- ^ | tt(r = 0) | 2 / I M(K + -> 7r + 7r>+z/)„ M | 2 (8) 

Integrations in this expression are going over neutrino E u and positive pion 
E n energies. 

To calculate the square of matrix element in (8) we take advantage of the 
fact that the bilinear form of lepton current t a p = j a j^ can be written in the 
well known form (see e.g. [23] ) 

t°P = 8 (jfefjfef + k*k{ - {k x k 2 )g aP + ie al3pa k«k^ (9) 

This expression has to be contracted with the relevant form of hadronic 
current T Q/ g . As an example let us consider the convolution of lepton tensor 
(9) with the square of the first term of axial hadronic current in (4) 

J^^T^ = ~~~2~ {2(Piki+P2h)(p 1 k 2 + p 2 k 2 ) - ( Pl +p 2 ) 2 (hk 2 )) | F | 2 (10) 

" m K 

Accounting that muon and negative pion which compose atom should have 
the equal velocities let us express their momenta through the atom momen- 
tum p a and mass m a \ p 2 = —p a \ &i = — Pa and introduce the following 
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Lorentz invariant combinations 

qi = 2p 1 k 2 = m 2 K + m 2 a -ml-2m K E a 
52 = ZpiPa = m 2 K - m 2 a - ml - 2m K E u 
q 3 = 2p a k 2 = m 2 K -m 2 a + ml- 2m K E w (11) 

As the atom energy in the kaon rest frame is E a = mx — E n — E u the decay 
(2) describes by two independent variables, which in our case are the positive 
pion energy E n and neutrino energy E u . 

The expression (10) can be rewritten through the above invariants 

Vt% = (52 + 2m A ) | F \ 2 (12) 

^ m a m 2 K 

Calculating in the same way all terms in the contraction of square of axial 
and vector form factors with lepton part we obtain for the atom formation 
decay rate 

T{K + ^-k + A^v) = F us - tL U(E^E u )dE v dE v 

m^-Km K y it J 

$(E V , E v ) = qi{q 2 + 2m 7T m a ) \ F \ 2 +q 1 (q 2 - 2m w .m a ) \ G \ 2 +m 2 u q 3 | R 

+ 2{ qi q 2 - 2mlq 3 )Re(FG*) + 2m il {m a q x + m n q 3 )Re{FR*) 

ml 

m 2 n 



+ 2m il (m a q x - m^q 3 )Re(RG*) + -f (AE v E„ qi -q\- 4m 2 £ 2 ) 

m a 

x (®L I h I 2 -2—Re(GH* + FH*)\ (13) 
\ml m w J 



The integration in this expression is going in the limits 

m\ + ml - m\ - 2m K E w < < m\ + ml - m 2 a - 2m K E 7r 

2(m K -E„ + y/E$-ml) ~ " ~ 2{m K - E n - y/E% - ml) 

m«< E„ < m « + <~< (14) 
2m K 

The expression (13) is the main result of the present work. It allows one to 
calculate not only the decay rate of atom formation in decay, but also 
the differential decay rate whose knowledge is important for estimation 
of background in the basic decay K + — > -k + vu. 



3 Numerical analysis 

To calculate the atom formation decay rate using expression (13) one has to 
know the hadronic form factors. Accounting that hadronic form factors in 
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and K e ± decays are the same we take for three form factors F, G and H 
the standard parametrization [TU [201 EI] with parameters^) from [20] ■ 
The axial hadronic form factor R can not be extracted from the experimental 
data on K ei decay H. For this quantity we use the theoretical prediction [21] 
R = |F. Substituting these parametrization in (13) and using the value of 
decay rate from [25] we obtain for the atom formation probability in the 
decay T(K+ -> tt + + + u)/V(K+ -> tt+ + tt" + fi+ + v) « 3.7 x 1(T 6 . 
This probability would be compared with the probability of it\i atom creation 
in decay [11] ~ 4 x 10~ 7 and it-it atom formation in the nonleptonic de- 
cay [23 K + -> TT+TT+TT- ~ 8 X 10" 6 . 

As was mentioned above the atom formation in decay can serves as 
background to the rare decay K + — > 7r + z/z/ in the relevant kinematical re- 
gion. The Standard Model predicts for the branching decay rate (see e. g. 
[27] ) Br(K + -> 7r + z/z/) w (0.85 ± 0.07) x 10 -10 whereas the branching ra- 
tio for 7r/i atom formation considered in the present work turn out to be 
Br(K + — > 7T + A nfl b>) m 0.5 x 10 -10 . Thus the branching ratio of the decay 
(2) considered in present work is comparable with branching ratio of basic 
decay K + — > tt + uu and so has to be considered as a possible background to 
this decayEI 

The authors are grateful to V. Kekelidze, D. Madigozhin and Yu. Potrebenikov 
for permanent support and useful discussions. 
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